other hand, they can also be hydrolyzed at the brush border
These results indicate that a very efficient dipeptide influx process occurs in the newborn rabbit. This process displays many characteristics in common with that described in the adult: it is not shared by amino acids free in the lumen; has a broad specificity for dipeptides and shows the same pattern of Na dependence. However, its maximal velocity is in the newborn much higher than in the adult.
Therefore, (1) the developmental patterns of the transport systems for Gly-Pro and for free glycine are different; this provides ontogenetic evidence for the distinction between dipeptide and free amino acid carrier systems; and (2) dipeptide uptake plays a predominant role in the physiology of the protein absorptivedigestive processes of the youngster.
Speculation
Dipeptide uptake is likely to play a major role in the final stages of protein absorption in the youngster. Thus, wherever proteic oral supplementation is indicated in the newborn or young infant, the administration of free amino acids does not appear to be physiologically appropriate.
The final products of intraluminal digestion of protein are low molecular weight peptides and free amino acids (6) . A substantial body of evidence accumulated in the adult animal has shown that di-and tripeptides can be transported into the intestinal cells by a specific carrier system which is different from those involved in the transport of free amino acids (reviewed in Ref. 19 ). On the membrane, with-subsequent e n t j of the released amino acids.
We had previously shown (24) that both ways do occur also in the small intestine of the newborn rabbit, the transport of intact dipeptide being quantitatively approximately as important as the other pathway. We thus moved to investigate, in the developing rabbit, the carrier system for dipeptides, with these major aims:
(1) provide a biologic characterization of the system as for substraie specificity, ~a dependence and kinetic constants; (2) define its developmental pattern as compared to that of the uptake of a free neutral amino acid, as to provide an ontogenetic basis for the distinction between the two systems; (3) assess, in the youngster, the relative importance of dipeptide vs. free amino acid uptake.
Therefore, the uptakes of glycyl-proline labeled in the glycine residue and, for comparison, that of free glycine, have been studied in vitro in jejunal and ileal segments of fetal, newborn, suckling, and adult rabbits.
Glycyl-proline has been chosen as a substrate, because it has affinity for the dipeptide carrier system but is not hydrolyzed in the brush border, its hydrolysis being accomplished entirely intracellularly (20, 29) .
MATERIALS AND METHODS

MEASUREMENT O F UNIDIRECTIONAL INFLUX O F SUBSTRATES FROM LUMEN INTO THE EPITHELIUM
New Zealand White rabbits were used: fetuses (from the 25th to the 30th day of gestational age), newborns (1 to 6 days old), suckling and weaned (at the loth, 20th, 30th, 40th, and 50th day of postnatal age), and adults (older than 3 months).
For studies in the fetuses, the pregnant rabbit was killed by cervical dislocation and the fetuses, quickly removed from the uterus, were then killed by decapitation.
The newborns had always been fed by their mothers (as judged by the presence of milk in the stomach), and were also killed by decapitation.
The animals beyond 10 days of postnatal life were killed by cervical dislocation.
In all cases, the intestinal segment under study was quickly excised, opened along the mesenteric border, and rinsed free of -intestinal contents with a Ringer solution.
In the fetuses, studies were done on the proximal and distal third of the small intestine, heretofore referred to as jejunum and ileum, respectively. In the newborns and thereafter, the small intestine (distal to the ligament of Treitz) was divided in five segments: the first two-fifths referred to as proximal and distal jejunum, and the last two-fifths referred to as proximal and distal ileum; the middle fifth was discarded.
Influx measurements were then carried out in the adult animals according to the technique previously described (23) . In all the animals of younger age, the same basic technique was followed, with some appropriate modifications. In these ages, the following procedure was used: the segment under study was preincubated for 30 min in a Ringer solution having, unless otherwise indicated, the following composition: NaC1, 140 mM; KHCOs, 10 mM; K2HP04, 1.2 mM; KH2P04, 0.2 mM; CaC12, 1.2 mM; and MgC12, 1.2 mM (pH 7.2). Preincubation was carried out at 37OC and with bubbling 02-CO2 (95 to 5%).
Pieces (100 to 300 mg) of the intestinal segment were then individually placed in an Erlenmeyer flask containing the test solution. This was a Ringer solution of identical composition, but containin the radioactively labeled compound under study (either F (Glycyl-' C) glycyl-proline or 3H-glycine) and inulin (labeled with either % or I4C) as a marker of the extracellular space. The incubation in the test solution described was also carried out at 37°C and with gassing 02-C02 (95 to 5%). After 50 to 60 sec, the piece was quickly removed, rinsed in cold 0.3 M Mannitol solution, blotted on filter paper, placed in 2 ml of 10% thrichloroacetic acid (TCA), and weighed. After homogeneization by means of an Ultra-Turrax tissue homogenizer, tissues were centrifuged at 5000
x g for 8 min and aliquots of the supernatants were then added to Bray's solution and assayed for radioactivity in a liquid scintillation counter. Aliquots (50 to 100 p1) of the media were similarly counted; the total content of 10% TCA in all scintillation vials was kept constant, so as to minimize quenching variations among different samples.
Calculations were done accordingly to the described procedure (23) and data expressed for animals of all ages on the basis of weight.
With the experimental procedure described above, both the luminal and the serosal sides of the intestine were exposed to the incubation medium. However, preliminary experiments were done under conditions in which only the serosal side was exposed: both glycyl-proline and glycine uptakes were always less than 5% of the "total" uptakes, thus allowing to assume that more than 95% of the measured influx is due to mucosal uptake alone.
Also in preliminary experiments (data not shown) it was demonstrated that: (a) more than 98% of the total tissue radioactivity was present in the supernatant after the extraction procedures; and (2) tissue uptakes of both, (gly~yl-'~C) glycyl-L-proline (GlyPro) and 3H-glycine (Gly) after correction for the inulin space, were linear with time for at least the first 60 sec and extrapolate to the origin.
It can, therefore, be assumed that under these conditions, initial rates of unidirectional influx of Gly-Pro and Gly are measured.
EFFECT OF INHIBITORS AND COMPUTATION OF KINETIC CONSTANTS
The inhibitor effects were tested by adding the test substance to the incubation medium of one piece, while the adjacent segment (in which an amount of mannitol equimolar to the inhibitor was added) served as control. To determine the kinetic constants, four substrate concentrations were tested in each animal. To eliminate any difference due to intestinal gradients (within both jejunum and ileum) the concentrations were randomized with respect to the localization of the single intestinal piece. Values for maximal influx (Vmax) and apparent affinity constant (Kt) were determined, respectively, from the reciprocal of the Y intercept and from the slope times the Y intercept of the least squares regression line of a reciprocal plot of influx/concentration; i.e., from the following linear transformation of the Michaelis-Menten equation:
Glycine and inulin-(14C)carboxylic acid were obtained from the Radiochemical Statistical evaluation of the data was done by Student's t test for unpaired or, where appropriate for paired values. All values are expressed as means f 1 S.E.
RESULTS
STUDIES IN THE NEWBORN
Uptake of (Glycyl-14C) Glycyl-L-proline and of 3H-Glycine by Small Intestine of Newborn Rabbit. The uptakes of 0.5 mM GlyPro and of 0.5 mM Gly by segments of jejunum-and ileum of newborn (1 to 6 days old) and for comparison of adult animals are reported in Table 1 . Gly-Pro is taken up by the small intestine of newborns in much larger amount than an equimolar amount of Gly; this is also true, though to a lesser extent, in the jejunum of the adult. Furthermore, in both the intestinal segments tested, Gly-Pro uptake is much larger in the newborn than in the adult animal (all these differences being statistically highly significant). Finally, a different distribution pattern for Gly-Pro and Gly uptake is seen along the small intestine of the newborn: sites of maximal uptake of the dipeptide occur proximally, while free glycine has its highest influx levels in the distal ileum.
It is of interest that the same conclusions can be drawn also when the values are expressed on the basis of tissue area.
Effects of a-L-Amino Acids and Peptides on Gly-Pro Influx. To investigate the specificity of the Gly-Pro influx, we have measured it under conditions in which either a 40-fold excess of free amino acids or a 10-fold excess of dipeptides was present. As it is indicated in Table 2A , none of the tested amino acids (and among them Glycine and Proline) showed any significant inhibition of Gly-Pro influx in either jejunum or ileum. The presence of 5 mM Leu-Leu, Ala-Pro, Gly-Leu or Lys-Leu, on the contrary, substantially and significantly inhibited 0.5 mM Gly-Pro uptake in both segments. In the jejunum, the effect of a 40-fold excess of L-prolylglycine (a dipeptide lacking a free amino group) was also tested: similarly to what already found in the adult animal (23) , it failed to produce any inhibition of Gly-Pro uptake.
These data indicate that the Gly-Pro transport system in the newborn animal is not shared by free amino acids, while possessing a broad specificity for dipeptides.
Effect of Gly-Pro on Gly Uptake. To further verify the independence of the uptake processes for Gly-Pro and free Gly, the effect of a 40-fold excess of Gly-Pro on the uptake of 3~-glycine was then tested. The results (Table 2B) show that the influx of free Gly is not inhibited by a large excess of Gly-Pro. Thus, also in the newborn animal the carrier responsible for the uptake of free Gly has no affinity for Gly-Pro.
These data, along with those presented in the preceding section, provide sufficient evidence for the distinction of the dipeptide transport system from the amino acid transport systems in the developing animal.
Kinetic Constants and Sodium Dependence of Gly-Pro Influx. While studies in the ileum of adult rabbit suggest the presence of two carrier processes for Gly-Pro (23), one with a high Kt and a high Vmax, and the other with a low Kt and a low Vmax, evidence for only the latter has been obtained in the jejunum of adults (25) .
We have investigated, in the newborn, thk kinetic characteristics of the Gly-Pro influx process in the substrate concentration range of 0.05 to 1.6 mM, in both jejunum and ileum.
Results ( Fig. 1 A and B, lower lines) show that over this concentration range, and in presence of 140 mM NaCl, the initial rate of unidirectional influx of Gly-Pro follows, in both intestinal segments, a saturable pattern. In other words, on increasing the substrate concentration, the substrate uptake increases until a plateau is reached, according to Michaelis-Menten type of kinetics. Results are shown in Figure 1 G1y 0.7 f 0.1 (8) 6.5 + 0.9 (6) ' Values are pmoles/ghr, mean + S.E. Number of animals is given in parentheses. In the newborn, in all segments, Gly-Pro uptake is significantly (P < 0.001) higher than Gly uptake. In the adult, Gly-Pro is also significantly ( P < 0.01) higher than Gly uptake only in the proximal jejunum. In the newborn as compared to the adult, Gly-Pro uptake is significantly ( P < 0.001) higher in all segments, while Gly uptake is significantly ( P < 0.05) higher in the jejunum but not different in the ileum.
Table 2. Effects of inhibitors on (14C) GLY-PRO or ( 3~) g l y~i n e influx1
A. Effects of amino acids and dipeptides on (I4c) Gly-Pro influx 0.5 mM Gly-Pro influx (mean f S.E.) ' Influx in presence of inhibitors is expressed as percent of control influx. Control and inhibited tissues were immediately adjacent segments and the proximal-distal sequence was alternated in each experiment. The data were treated as pairs within each experiment. Inhibitor concentrations and number of animals are given in parentheses. P < 0.000 1.
statistically significant difference exists between the affinity constants. The effect of NaC removal on these kinetic characteristics has been studied, too. The results, also shown in Figure 1 A and B, (upper lines) indicate that the total substitution of choline for Na (both in the preincubation and in the incubation media) severely affects the efficiency of the Gly-Pro influx process. In both jejunum and ileum the decrease in Gly-Pro uptake is due to a significant reduction of Vmax, which decreases to 50.6 +-12.2 pmoles/g hr in the jejunum and to 29.0 + 7.1 in the ileum. The affinity constants of the process remained essentially unchanged both in the jejunum (from 0.98 +-0.26 mM in presence of 140 mM Na to 0.83 f 0.15 in its absence) and in the ileum (from 0.70 + 0.1 mM in presence of 140 mM Na to 0.6 1 + 0.25 in its absence).
DEVELOPMENTAL STUDIES
Developmental Pattern of Gly-Pro and Free Gly Uptake Processes. To define more accurately the age dependence of the increased Gly-Pro influx rates in the newborn as compared to the adult animal, as well as to detect possible differences in the developmental patterns of their uptake processes, we have measured 0.5 mM Gly-Pro and 0.5 mM free Gly influx in the small intestine of rabbits since the 25th day of gestational age to the 50th postnatal day. The results are reported in Figure 2 for jejunum and Figure 3 for ileum. In these figures, corresponding values found in the adult are shown too. Gly-Pro influx showed in both jejunum and ileum, a gradual increase from the earliest fetal period studied, with a striking perinatal peak. The uptake of Gly-Pro did not show any significant change when measured at 2 hr after birth and every 12 hr thereafter for the first 3 days (newborns from four different litters tested longitudinally, data not shown). After the first 6 days of postnatal life, Gly-Pro uptake declined steadily, reaching adult values at the age of about 50 days. In contrast, free Gly uptake showed no well-defined prenatal increase; furthermore, in the ileum, it remained constant throughout the period studied, while in the jejunum it was only slightly bigger in the younger animal.
It is of interest to note that in both jejunum and ileum, uptake of Gly-Pro remains remarkably higher than Gly uptake in the fetal, newborn, and suckling rabbits.
Studies done on Gly-Pro dipeptidase activity in homogenates of whole intestinal mucosa of developing rabbits (22) had shown an essentially analogous developmental pattern in both small intestinal segments.
DISCUSSION
The evidence for the distinction between the small intestinal carrier system for dipeptides and those for free amino acids has rested so far mainly on the two following pieces of evidence: (1) studies in man had shown that, in diseases characterised by the lack of a specific amino acid carrier system, the absorption of the "affected" amino acid is intact if this is presented to the mucosa in the peptide-bound form (5, 15); (2) dipeptides do not compete with their constituent amino acids in the free form for transport, while they do compete with one another (1-3, 7, 8, 23 ). This paper now provides another line of evidence on which the distinction between the two systems can further rest: their different ontogenetic pattern. In fact, the developmental pattern of the carrier system for the glycine residue of glycylproline shows, in both jejunum and ileum, a definite prenatal increase with a sharp Fig. 3 . Uptake of Gly-Pro (0) and of free Gly (0) in the ileum of fetal, newborn, and suckling rabbits. Brackets indicate S.E. Both substrates were 0.5 mM.
perinatal peak and a subsequent decline, while these characteristics are not shared by the uptake process for free glycine: this persists essentially unchanged in the whole period studied in the ileum, and in the jejunum only shows slightly higher values in the neonatal age as compared to the adult.
The main characteristics of the dipeptide carrier system studied at its peak, during the newborn age, can be summarized as follows: (1) it is saturable; (2) its maximal velocity is Na dependent; (3) it is not inhibited by the presence of a large excess of the constituent amino acids when presented free to the mucosa; (4) it has a broad specificity for different dipeptides.
These characteristics are analogous to those found in the ileum of the adult animal (23) . Therein, evidence was also found for a second system with a higher Vmax and a higher Kt: whether or not this system, which has not been looked for in greater detail, is present also in the newborn, we do not know. As for the Na dependence of the system, it should be noted that we do not know which mechanisms underlie the role played by Na in the Gly-Pro influx process; however, from our own results in the adult animal (13) it would not appear that a coupled influx is involved as in the case of glucose or neutral amino acids.
It is interesting to note that, although the high affinity dipeptide uptake system shows so many similarities between the adult and the newborn animal, a striking difference exists concerning the maximal velocity. In fact, this is in the newborn greater by a factor of about 13; given the analogous Kt's of the systems, it is evident that dipeptide uptake is a process definitely more efficient in the newborn than in the adult. It has to be stressed that this conclusion is essentially true whether the data are expressed on the basis of weight or on the basis of area, thus excluding that differences in tissue weight per surface area unit between newborn and adult are responsible for this observation.
To support this conclusion further, it can be noted that ileal uptake of free Gly does not show any variation in the whole developmental period studied, being not significantly different between newborn and adult.
The higher Gly-Pro influx rate found in the newborn and suckling rabbits, being accounted for by a bigger maximal velocity, may be due either to a larger number of carrier sites present per unit area in the younger animals, or to a faster translocation velocity of the Gly-Pro-carrier complex across the brush border (or both). Our data do not allow to distinguish between these two alternatives. Other instances are known, where a different Vmax but similar affinity constant in transport processes between young and adult animals have been demonstrated. In rat (1 1, 21, 30) and rabbit (9) intestine, the transport systems studied showed their" highest capacity perinatally, and subsequently they progressively declined to the adult values, similarly to what we report herein for dipeptide uptake. It is of interest to note that the fetal period of fast-paced increase in Gly-Pro uptake activity is coiniident (9) with the rapid development of villous and microvillous structure.
Yet, the simultaneously measured uptake of free Gly does not show any clear prenatal increase, thus suggesting that the increase in Gly-Pro uptake is not merely due to the increasing amount of brush border membrane per unit area associated to tissue maturation.
Various factors may affect, theoretically, the activity of a transport system. Hormones, plasma levels of the nutrient, feeding habits, etc., all might have a role. As for dietetic influences, for instance, an effect of semistarvation has been documented on the in vitro transport of amino acids (26, 31) and dipeptides (14, 26) .
In this report, we have not investigated the mechanisms responsible for either the progressive prenatal increase or the steadily postneonatal decline in the influx of Gly-Pro. While studies to answer this question are needed, it may, nevertheless, be stated that birth-associated factors clearly do not play a role, as the sharp rise in dipeptide uptake takes place well before birth. As for the postneonatal decline, changes in dietary habits that do occur in the weaning rabbit at about 10 to 20 days of age, might play a role. In fact, it has long been recognized that the diet may affect several digestive-absorptive processes, and it is conceivable that the Gly-Pro content in the diet of the weaning rabbit differs from that of the suckling animal, and that this difference may play a role. For instance, it is known that intraluminal feeding of GlyPro induces a higher Gly-Pro hydrolytic activity in the small intestinal mucosa (10) .
It should also be stressed that these considerations are entirely speculative and do need proper experimental testing.
Finally, it is of interest that the rate of influx of the Gly-residue of Gly-Pro is remarkably higher as compared to the influx of free Gly. There are other reports of a kinetic advantage of dipeptide over free amino acid uptake in the adult (4, 16, 18, 27) ; however, in no case has this been so sizeable as in this study on the newborn animal: in the jejunum of the newborn, the uptake of peptidebound glycine is, at the concentration tested, 14 times higher than that in the free from. Thus, it appears that the intestine of ?he newborn animal is characterized by the physiologic capability of preferentially taking up amino acids as small peptides rather than in the free form. This physiologic finding also bears a potential nutritional significance. In fact, since free amino acids do not seem to represent the most appropriate physiologic substrate for nitrogen absorption in the youngest, it may be suggested that protein hydrolysates composed mainly of low molecular weight peptides, might be preferred as the protein components of "elemental" diets, particularly during infancy. The addition of oligopeptides might in fact offer the advantage of a lower osmotic load coupled with a fuller exploitation of the protein absorptive-digestive processes and a more efficient and fast absorption. The relative absorptive advantage of such products in man in vivo seems to be supported by studies in adults (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) and in infants (12) . CONCLUSION This study (1) provides the first evidence for the existence of a dipeptide carrier system in the small intestinal brush border of fetal and newborn animals; (2) provides further, compelling evidence for its distinction from the transport systems for free amino acids; (3) suggests that the intestinal mucosa of the newborn is able to take up amino acids much more efficiently in the peptidebound than in the free form; (4) defines the developmental pattern of the dipeptide carrier system.
While further studies are needed to investigate the mechanisms responsible for the observed developmental changes in the activity of the dipeptide carrier system, it can be said that small peptides have a fundamental role in the protein digestive-absorptive processes of the youngest. This finding might prove valuable in the nutrition of neonates and infants.
